Aims/hypotheses Reduced mitochondrial capacity in skeletal muscle has been observed in obesity and type 2 diabetes. In humans, the aetiology of this abnormality is not well understood but the possibility that it is secondary to the stress of nutrient overload has been suggested. To test this hypothesis, we examined whether sustained overfeeding decreases skeletal muscle mitochondrial content or impairs function. Methods Twenty-six healthy volunteers (21 men, 5 women, age 25.3 ± 4.5 years, BMI 25.5 ± 2.4 kg/m 2 ) underwent a supervised protocol consisting of 8 weeks of high-fat overfeeding (40% over baseline energy requirements). Before and after overfeeding, we measured systemic fuel oxidation by indirect calorimetry and performed skeletal muscle biopsies to measure mitochondrial gene expression, content and function in vitro. Mitochondrial function in vivo was measured by 31 P NMR spectroscopy.
) underwent a supervised protocol consisting of 8 weeks of high-fat overfeeding (40% over baseline energy requirements). Before and after overfeeding, we measured systemic fuel oxidation by indirect calorimetry and performed skeletal muscle biopsies to measure mitochondrial gene expression, content and function in vitro. Mitochondrial function in vivo was measured by 31 P NMR spectroscopy. Results With overfeeding, volunteers gained 7.7 ± 1.8 kg (% change 9.8 ± 2.3). Overfeeding increased fasting NEFA, LDLcholesterol and insulin concentrations. Indirect calorimetry showed a shift towards greater reliance on lipid oxidation. In skeletal muscle tissue, overfeeding increased ceramide content, lipid droplet content and perilipin-2 mRNA expression. Phosphorylation of AMP-activated protein kinase was decreased. Overfeeding increased mRNA expression of certain genes coding for mitochondrial proteins (CS, OGDH, CPT1B, UCP3, ANT1). Despite the stress of nutrient overload, mitochondrial content and mitochondrial respiration in muscle did not change after overfeeding. Similarly, overfeeding had no effect on either the emission of reactive oxygen species or on mitochondrial function in vivo. Conclusions/interpretation Skeletal muscle mitochondria are significantly resilient to nutrient overload. The lower skeletal muscle mitochondrial oxidative capacity in human obesity is likely to be caused by reasons other than nutrient overload per se. 
Introduction
Mitochondrial content and function are key determinants of the overall oxidative capacity and metabolic fitness of skeletal muscle tissue. Given the role of skeletal muscle in glucose metabolism, it is important to understand how dietary perturbations affect mitochondrial capacity, especially in the context of diseases such as obesity and type 2 diabetes. Lower oxidative capacity has been reported in obese individuals and in those with type 2 diabetes [1, 2] . The physiological implications remain a subject of ongoing debate [3, 4] but it has been suggested that impaired mitochondrial capacity leads to increased deposition of ectopic lipids in skeletal muscle tissue and liver and the development of insulin resistance [1, [5] [6] [7] . A related but equally important question is why some obese individuals have a reduction in skeletal muscle oxidative capacity. The underlying pathophysiological cause(s) remain unknown. One possibility is that genetic factors may play a role. Lower mitochondrial capacity has been reported in the lean offspring of individuals with type 2 diabetes [6] and in lean African-American women at increased risk for obesity and diabetes [8] . However, some studies suggest that mitochondrial abnormalities can be acquired: short-term exposure to lipid excess was found to reduce mitochondrial capacity [9, 10] . Thus, nutrient excess may be in part responsible for the decreased mitochondrial oxidative capacity observed in obese adults and potentially in individuals with type 2 diabetes. Nevertheless, there remains a substantial gap in knowledge on how skeletal muscle mitochondria adapt to sustained nutrient overload. In contrast to findings in humans, obesity in rodents is accompanied by increased mitochondrial oxidative capacity [11] [12] [13] . Therefore, well-controlled studies in humans are essential for understanding the impact of prolonged nutrient stress on mitochondrial biogenesis and oxidative capacity in skeletal muscle.
In the present study, our goal was to determine whether sustained exposure to nutrient overload would decrease mitochondrial biogenesis, content or function. To answer this question, we overfed healthy volunteers a high-fat diet 40% above baseline energy requirements for 8 weeks under strict supervision. To examine the impact of overfeeding, we employed a range of methodologies to comprehensively measure mitochondrial biogenesis at the transcriptional level and at the whole organelle level (quantification of mitochondrial content by electron microscopy) and studied mitochondrial function in vitro (respiration and reactive oxygen species [ROS] emission) and in vivo ( 31 P NMR spectroscopy).
Methods
Participants The current investigation was part of a larger study on the impact of overfeeding on adipocyte characteristics and metabolic outcomes (ClinicalTrials.gov registration no. NCT01672632) [14] . We carried out a subset analysis of 26 participants (21 men, 5 women) in whom mitochondrial measurements were performed. The study was approved by the Pennington Biomedical Research Center Institutional Review Board. All participants provided written informed consent. Healthy, weight-stable adults aged 20-40 years, with a BMI of 22.0-32.0 kg/m 2 , were recruited from the Baton Rouge, Louisiana community by way of advertisements. Participants had to be willing to take part in an 8 week study that resulted in a 5-10% weight gain, consume all meals at the research centre and not change their usual level of physical activity over the course of the study. Exclusion criteria included chronic use of any medication or supplement, any chronic diseases (e.g. diabetes, hypertension, heart, liver or gastrointestinal disorders), prior weight changes (>2.5 kg gain or loss over the past 6 months or prior obesity), past history of eating disorders, pregnancy or breast feeding, presence of metal implants and use of illicit drugs or tobacco products. Study measurements were obtained at baseline and after overfeeding.
Overfeeding protocol Two weeks before overfeeding, baseline energy requirements were determined by measures of 14 day energy expenditure by doubly labelled water and 7 days of feeding to energy balance as previously described [15] . The baseline energy requirement was calculated as the mean of the two values and was multiplied by 1.4 to determine the overfeeding energy prescription. All meals were prepared by our metabolism kitchen using a validated 5 day rotating menu [16] composed of 41% carbohydrate, 15% protein and 44% fat (40% saturated) [14] . Volunteers consumed all meals (three meals per day, 7 days per week for 8 weeks) at the research centre under direct supervision but were free-living for the remainder of the time. During the final days of the study (days 57-59), prior to metabolic testing, participants were again fed to energy balance using the same baseline equation but inputting their new body weight. Body fat and lean gains were determined by dual-energy x-ray absorptiometry (DEXA). The RQ was calculated from oxygen consumption (V O 2 ), carbon dioxide production (V CO 2 ) and urinary nitrogen measurements collected during a 23 h stay in a whole-room calorimeter as previously described [17] . RQ was sampled at 15 min intervals over 23 h and averaged to obtain the 24 h RQ. During the 24 h, participants were provided with three meals and one snack while in the chamber, which they consumed in entirety. Sleeping metabolic rate (SMR) was calculated between 02:00 hours and 05:00 hours when infrared motion sensors were reading near-zero motion. Fasting RQ was measured the morning after sleep. Physical activity level (PAL) was calculated using estimates of total daily energy expenditure (TDEE) by doubly labelled water and SMR during the overnight stay in the chamber (PAL = TDEE/SMR) and steps per day were measured using a validated activity monitor [18] .
Muscle biopsy Vastus lateralis muscle samples were obtained in the morning by percutaneous biopsy using the Bergstrom technique [19] . After dissection, a portion of the sample was promptly frozen in liquid nitrogen for storage at −80°C until biochemical analysis. A small portion was saved for electron microscopy studies after fixation and mitochondrial functional assays in fresh tissue while the remainder was processed for other in vitro assays.
Ceramide measurement Frozen muscle tissue (50 mg) was homogenised in deionised water and protein was determined by Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). After addition of an extraction standard (C17:0), each sample was subjected to a double extraction for lipids using the Folch extraction. Liquid chromatographyelectrospray ionisation tandem mass spectrometry (LC-ESI-MS/MS) was used to measure intracellular levels of ceramides on a Waters Aquity Xevo MS/MS with ion source electrospray ionisation operated in the positive mode. According to the retention times of standards, common product ion and ions reflecting fatty acid substituents, all target ceramides were quantified as previously described [20] .
Gene expression and protein content Total RNA was extracted using a miRNeasy kit (Qiagen, Germantown, MD, USA) and the yield determined by spectrophotometry (NanoDrop Technologies, Wilmington, DE, USA). From each sample of muscle tissue, 200 ng was reverse transcribed to cDNA by reverse transcription (Applied Biosystems kit). Real-time quantitative PCR (qPCR) was performed with an API PRISM 7900 (Applied Biosystems, Foster City, CA, USA) and TaqMan gene expression assays for selected genes: adenine nucleotide translocator (ANT1), citrate synthase (CS), oxoglutarate dehydrogenase (OGDH), cytochrome c oxidase ( COX), uncoupling protein 3 (UCP3), carnitine palmitoyltransferase 1 (CPT1B) and perilipin-2 (ADRP [also known as PLIN2]) and NF-κB p65 (RELA). Samples were run in duplicate and normalised for RPLP0 as an internal control. Relative mRNA expression was calculated as fold change from baseline.
Western blotting was employed to measure the total protein levels of AMP-activated protein kinase (AMPK) α and phospho-AMPKα (Thr172). The ratio between the two was used to determine the degree of AMPK phosphorylation. Cell Signaling Technologies (Danvers, MA, USA) provided the primary antibodies (AMPKα no. 2532; phospho-AMPKα no. 2531). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control (no. AB9484; AbCam, Toronto, ON, Canada). Total protein was collected using RIPA buffer supplemented with 2% (vol./vol.) protease inhibitor cocktail, 2% (vol./vol.) phosphatase inhibitor cocktail 2 and 2% (vol./vol.) phosphatase inhibitor cocktail 3 (Sigma, St Louis, MO, USA). Bands were visualised and quantified using an Odyssey 9120 infrared imaging system (Li-Cor, Lincoln, NE, USA).
Mitochondrial content and transmission electron microscopy studies A portion of skeletal muscle from a subset of participants was taken for systematic quantification of mitochondrial content by transmission electron microscopy as previously described [21, 22] . For each sample, 18-20 random, i n d e p e n d e n t , l o n g i t u d i n a l a x i s m i c r o g r a p h s o f intermyofibrillar fields were taken at 36,600× magnification (JEM-1210; Jeol, Tokyo, Japan). Samples were de-identified and analysis was blinded. Mitochondrial content was expressed as mitochondrial volume density (the cell fraction occupied by mitochondria according to stereological principles) and measured by the point-sampling technique of classical stereology assisted by specialised digital imaging software (Metamorph 6.3, Molecular Devices, Sunnyvale, CA). Grid density consisted of 144 symmetrically spaced intersection points. Lipid droplet content was also systematically measured on the same micrographs using a grid density of 400 intersection points per image and expressed as lipid droplet volume density. In addition to transmission electron microscopy measurements, mitochondrial content was determined by succinate dehydrogenase histochemical staining [23] . Mitochondrial DNA abundance was determined by the ratio of mtDNA to nuclear DNA copy numbers using qPCR as described [24] .
Mitochondrial extraction Immediately following tissue collection, 100-150 mg of whole muscle was minced in 1 ml icecold mitochondrial extraction buffer (composition in mmol/l: 5 MgCl 2 , 100 KCl, 40 Tris-HCl, 10 Tris-base, 1 EDTA, 1 ATP; pH 7.5) and subjected to a protease digestion (Type XXIV; Sigma) for 7 min [25] , which was terminated by adding 1 ml of extraction buffer. Tissue was homogenised and centrifuged at 700 g and the supernatant fraction was collected and centrifuged again at 14,000 g to collect a mitochondria-enriched pellet. After two re-suspensions and centrifugations at 7000 g and 3500 g, the final pellet was resuspended in ice-cold mannitol-sucrose solution (composition in mmol/l: 220 mannitol, 70 sucrose, 10 Tris-HCl, 1 EGTA; pH 7.4). Protein concentration was determined by spectrophotometry using the bicinchoninic acid method (Pierce BCA Protein Assay Kit; Thermo Fisher Scientific, Rockford, IL, USA).
Mitochondrial respiration Oxygen consumption was measured in isolated mitochondria using a Clark-type oxygen electrode (Hansatech Instruments, Norfolk, UK) surrounded by a temperature-controlled water-jacketed glass chamber to maintain the temperature at 37°C. Mitochondria were suspended at a concentration of 80 μg/400 μl in Wander's Respiration Buffer and the measurement was carried out in a medium containing (in mmol/l) 100 KCl, 50 MOPSO, 10 K 2 HPO 4 , 10 MgCl 2 , 1 EDTA, 20 glucose, 5 glutamate and 0.2% (wt/vol.) BSA. Mitochondrial respiration was measured in the presence of glutamate/malate/pyruvate after addition of sodium pyruvate (1.25 mmol/l) and malate (1.25 mmol/l). After reaching a stable rate, coupled respiration was initiated by adding ADP (0.375 mmol/l). After determination of the maximal ADP-stimulated respiration, oligomycin (1.6 μg/ml) was added to block complex V (ATP synthase) and provide a measure of non-ADP coupled respiration (i.e. leak-mediated). The respiratory control ratio was calculated as the rate of ADPstimulated respiration divided by leak-mediated respiration. Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (3 μmol/l) was added to measure maximal uncoupled mitochondrial respiration.
ROS emission Mitochondrial ROS production was measured as the H 2 O 2 emission rate from methods adapted from Seifert et al [26] and St-Pierre et al [27] , employing complex III inhibition to enhance mitochondrial H 2 O 2 production. Briefly, mitochondria extracted from 200 mg of muscle tissue (using the methods of Chappell and Perry [28, 29] ) were suspended in a reaction medium containing 120 mmol/l KCl, 5 mmol/l KH 2 PO 4 , 1 mmol/l EGTA, 5 mmol/l MgCl 2 , 3 mmol/l Hepes (pH 7.4), 1 U/ml superoxide dismutase, 5 μmol/l antimycin and 0.3% (wt/vol.) defatted BSA. The H 2 O 2 emission rate was measured fluorometrically using phydroxyphenylacetate (165 μg/ml) and horseradish peroxidase (9 U/ml) in the medium. The reaction was started by adding substrate (either 60 μmol/l palmitoyl-carnitine or 10 mmol/l succinate) in the presence of 5 μmol/l rotenone. H 2 O 2 emission was monitored for 25 min at 37°C at an excitation wavelength of 320 nm and emission wavelength of 400 nm.
Mitochondrial function in vivo Mitochondrial capacity (ATP max ) was measured in the vastus lateralis of the dominant leg (same site as the biopsy) using 31 P NMR spectroscopy as previously described [30, 31] . Following the acquisition of a fully relaxed spectrum, 31 P spectra were acquired every 1.5 s during a 24, 30 or 36 s ballistic exercise involving 'kicking' against Velcro straps positioned tightly across the leg and thigh. Ballistic contractions are used to ensure activation of all muscle fibres, so that exercise activates all muscle fibres [32] . Exercise time and intensity were targeted to drop phosphocreatine (PCr) by 33-50% of basal levels and to avoid a pH<6.8, as lower pH inhibits oxidative phosphorylation and results in artificially low values [32] . ATP max was calculated u s i n g t h e P C r r e c o v e r y t i m e c o n s t a n t ( τ ) and
mmol/l as found previously by direct measurement in muscle tissue by HPLC [33] . The reproducibility of ATP max measurements has been published [34, 35] and the CV is ±7.0%.
Statistics All statistical tests were two-tailed with an α set at 0.05. Continuous variables were pre-examined for normal distribution by the Shapiro-Wilk test. Changes after overfeeding were analysed by paired t tests. Non-normally distributed variables (mRNA expression) were analysed by the Wilcoxon signed rank test. The main endpoints of interest were changes in mitochondria-related gene expression, mitochondrial content and mitochondrial function. Multivariate regression analysis was employed to test the effect of time vs weight gain on the change in TDEE. Means ± SD are reported unless shown otherwise.
Results
Effects of overfeeding on adiposity, substrate metabolism and systemic markers of lipid overload Table 1 shows the characteristics of the participants before and after 8 weeks of overfeeding. Body weight and adiposity (BMI and % fat) were substantially increased by overfeeding. The mean weight gain from baseline was 7.7 ± 1.8 kg (9.8 ± 2.3%) and the mean gain in fat mass was 4.4 ± 1.2 kg. TDEE increased after overfeeding (p < 0.01). As assessed by multiple regression analysis, the increase in TDEE was accounted for by the increase in weight (p < 0.01). There were no significant changes in PAL measured by doubly labelled water (TDEE/SMR) or by activity monitors (no. of steps/day).
Weight gain was accompanied by a rise in fasting NEFA, LDL-cholesterol and insulin but not triacylglycerol levels. Overfeeding caused fuel oxidation to shift towards greater reliance on fat relative to glucose, as indicated by decreases in fasting and 24 h RQs (p < 0.05).
Changes in markers of nutrient overload in muscle As shown in Fig. 1a , after overfeeding total ceramide content in skeletal muscle was increased by more than twofold. The increase was attributed to broad changes in several ceramide subspecies, rather than a single one (Fig. 1b) . In addition, intramyocellular lipid droplet content was markedly increased after overfeeding (Fig. 1c) . We then examined whether there were coordinated cellular responses to fuel excess. After overfeeding, there was a significant decrease in the ratio of phosphorylated AMPK to total AMPK (Fig. 2a-c) . Using qPCR, we found that the mRNA expression of RELA, which codes for p65/NF-ΚB, increased after overfeeding. However, the p value (p = 0.06) was only close to the margin of statistical significance (Fig. 2d) . Perilipin-2 mRNA expression increased after overfeeding (p = 0.03) (Fig. 2e) , consistent with a coordinated cellular response to accommodate increased lipid storage.
Effect of overfeeding on gene expression To understand whether overfeeding elicited a coordinated genomic response that might affect mitochondrial biogenesis, we measured the mRNA expression of several genes relevant to mitochondria (Fig. 3) . After overfeeding, there was a change in the mRNA expression of genes coding for sirtuin 1 (p < 0.05) and peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) (p = 0.10), two important regulators of mitochondrial biogenesis. Overfeeding also increased the expression of genes coding for certain mitochondrial proteins (citrate synt h a s e , o x o g l u t a r a t e d e h y d r o g e n a s e , c a r n i t i n e palmitoyltransferase 1B, uncoupling protein 3 and adenine nucleotide translocator 1). Cytochrome c oxidase mRNA expression was not changed.
Effect of overfeeding on mitochondrial content and function Although gene expression was upregulated by overfeeding, it was not accompanied by a change in mitochondrial content. Transmission electron microscopy revealed that mitochondrial content was similar before and after overfeeding (Fig. 4) . To corroborate these findings, other markers of Next, we examined whether overfeeding affected mitochondrial function. There was neither a decrease nor an increase in mitochondrial respiration, whether measured in the basal leak state (non-ADP-stimulated) or ADPstimulated state (Fig. 5a) . Similarly, overfeeding did not affect maximal respiration in uncoupled conditions (p = 0.31), suggesting that it had no impact on electron transport chain activity. The respiratory control ratio was unchanged (Fig. 5b) . Mitochondrial ROS emission did not increase after overfeeding, whether measured with palmitate or succinate as substrates (Fig. 5c) . Finally, measurement of mitochondrial oxidative phosphorylation in vivo by 31 P NMR spectroscopy confirmed the findings observed in vitro (Fig. 5d ).
Discussion
In this study, we tested whether prolonged overfeeding with a high-energy, high-fat diet would decrease mitochondrial oxidative capacity in the skeletal muscle of healthy individuals. Surprisingly, neither mitochondrial content nor function (in vitro and in vivo) was affected by overfeeding. The overfeeding protocol was successful in achieving a state of systemic lipid overload as reflected by a weight gain of~10% from baseline, a significant rise in plasma NEFA concentrations and a shift towards greater lipid oxidation. In skeletal muscle, nutrient overload was also observed. Overfeeding increased both intramyocellular lipid droplet content and ceramides (lipotoxic species that accumulate in states of fatty acid excess and adversely affect metabolism). Interestingly, some studies have implicated ceramides as being harmful to mitochondria [36, 37] , although we found no such evidence in our study. Coordinated cellular responses sensing fuel excess were also noted. For instance, AMPK phosphorylation was decreased after overfeeding. AMPK activity is activated by phosphorylation during fuel deprivation and, conversely, is inhibited during fuel excess. RELA/p65 (NF-Κ B) was upregulated after overfeeding, but the p value for after vs before overfeeding did not reach the threshold of statistical significance. It is hard to interpret whether the increase was simply due to random chance, although upregulation by nutrient excess is the expected biological response of this biomarker. Finally, overfeeding augmented perilipin-2 mRNA expression, suggesting a genomic response to accommodate the need for increased lipid storage. Together, the preponderance of these findings shows that a state of high-energy, high-fat overload was achieved both systemically and at the intramyocellular level and that muscle cells responded to nutrient excess. Yet, despite the challenge of nutrient excess both mitochondrial content and function were unchanged.
In studies employing an acute lipid infusion or a short-term exposure to a high-fat diet, lipid overload downregulates genes necessary for mitochondrial biogenesis [9, 10] . Here, we found that prolonged overfeeding did not inhibit the expression of genes coding for certain mitochondrial proteins or for SIRT1 and PGC-1α, which are key regulators of mitochondrial biogenesis. Instead, upregulation was observed. While we did not conduct studies to determine whether the levels of each of those proteins also changed, any purported changes in those proteins did not translate into physiologically meaningful differences in mitochondrial mass; all methods to measure the latter corroborated the finding that organelle content was unchanged by overfeeding. Likewise, any hypothetical changes in those proteins did not have a meaningful functional impact on mitochondrial respiration or on oxidative phosphorylation. Although we did not also assess respiration with permeabilised fibres methodology, measurements of oxidative phosphorylation in vivo confirmed our findings in vitro. One limitation of our data is that subtle changes in relative fuel oxidation capacity (lipids vs carbohydrates) could have been missed without additional biochemical assessments of enzymatic activity of specific mitochondrial proteins or pathways. Similarly, cellular markers of oxidative stress and/ or damage were not measured given the limited muscle sample availability. Nevertheless, our data strongly suggest that mitochondrial content and function are remarkably resilient to the metabolic stress of prolonged nutrient overload.
Although adults with obesity or type 2 diabetes are reported to have lower oxidative capacity in skeletal muscle [1, 2, 38] , mostly due to reduced mitochondrial content [2] , the aetiology remains unclear. Some studies have suggested that lipid excess decreases mitochondrial biogenesis. For instance, the expression of nuclear-encoded mitochondrial genes and PGC-1α in skeletal muscle is suppressed by infusion of lipid for 48 h [9] . In another study in healthy volunteers, 3 days of a high-fat isoenergetic diet decreased the expression of PGC-1α and proteins linked to mitochondria [10] . While such studies suggested that short-term nutritional challenges suppress mitochondrial biogenesis, they still left open the question of whether sustained nutrient overload eventually lowers mitochondrial content and/or function. Moreover, studies to date have relied on surrogate markers (e.g. mRNA) of mitochondrial biogenesis, which may lead to incorrect conclusions about mitochondrial content and functional capacity. Our study addresses these questions and shows that sustained nutrient overload does not inhibit mitochondrial biogenesis, content or function.
In addition to demonstrating the resilience of mitochondria in the face of sustained nutrient overload, our study provides new insights into the biology of mitochondria in obesity. Most importantly, nutrient overload per se seems unlikely to be the sole explanation for the lower mitochondrial capacity observed in obesity and potentially also in type 2 diabetes. This may explain why weight loss often does not improve mitochondrial capacity in skeletal muscle. For instance, in obese individuals weight loss alone does not improve mitochondrial oxidative capacity despite a decrease in intramyocellular lipid content and metabolic improvements in skeletal muscle [39] . Even the extreme weight loss achieved by bariatric surgery is not sufficient to increase mitochondrial oxidative capacity in skeletal muscle [40, 41] . Together with the present data, we conclude that nutrient excess alone is not the main determinant of the lower mitochondrial capacity observed in obesity. Therefore, the pathophysiology of this reduced mitochondrial capacity must involve other aetiologies. One potential aetiology is lipidinduced oxidative stress, although we could not test such a hypothesis because emission of ROS did not increase in our study. Since obesity is often associated with a sedentary lifestyle, another hypothesis worth considering is an interaction between nutrient overload and sedentary behaviour, in a manner that only when both are present do mitochondrial abnormalities emerge. It has been demonstrated previously that mitochondrial capacity improves in conditions of a hypoenergetic diet only when increased physical activity is present [39] , pointing to physical activity as the key regulator of mitochondrial content/function. In our study, participants were not sedentary and activity levels did not decline with overfeeding, which might have protected them against the stress of nutrient excess. Studies specifically focused on the interaction between physical activity and overfeeding would help answer this question.
The strengths of our study include the robust degree of weight gain achieved, the relatively long duration of overfeeding and a very comprehensive examination of mitochondrial content and function. To our knowledge, this is the first study to investigate the effects of overfeeding for this long duration and with such remarkable weight gain. In another overfeeding study [42] , participants gained about 3.7% of their baseline weight after 28 days and no decreases in mitochondrial protein concentrations were detected. Despite the relatively modest weight gain and shorter study duration, the results are in line with our findings. In our study, however, we employed a more comprehensive approach that placed greater emphasis on direct measurements of mitochondrial content and function, rather than just measuring surrogate markers. No studies employing electron microscopy to examine the effects of overfeeding on mitochondria have been previously reported. This is relevant because surrogate markers of mitochondrial content can be misleading indicators, especially in the context of lifestyle interventions [22, 39, 43] .
To our knowledge, this is the longest overfeeding study conducted to comprehensively study mitochondria. Yet, the possibility that mitochondrial capacity deteriorates only after longer periods, perhaps years, remains a consideration. This is a limitation of any overfeeding study as feeding individuals to obesity levels over long periods would be ethically unacceptable. Nonetheless, mitochondrial turnover occurs relatively rapidly-downregulation of mitochondrial capacity can be observed after just 1 week of leg immobilisation [44] or 2 weeks of bed rest [45] . Our study far exceeded these time frames and, therefore, it is unlikely that 8 weeks was insufficient to observe a decline in mitochondria. Another limitation of our findings is that only healthy young individuals were studied. It is unclear whether different results would be observed in individuals with established abnormalities in mitochondrial homeostasis, such as the elderly and individuals with type 2 diabetes. Studies specifically devoted to investigating those populations are warranted to answer those questions.
In summary, our data suggest that skeletal muscle mitochondrial content and function are remarkably resilient to nutrient overload. We propose that the lower mitochondrial capacity observed in obesity and type 2 diabetes is not initiated by nutrient overload per se and that either other pathophysiological factors are responsible or additional perturbations need to occur in conjunction with nutrient overload.
